INTRODUCTION
The emergence of multicellularity represents one of the most important transitions in animal evolution. Nonaggregative multicellularity requires strict control over cell differentiation, proliferation and survival and this is attained by sophisticated cell-cell communication systems. A startling revelation from decades of developmental genetic studies is that these cell communications are largely mediated by just a handful of signaling pathways in metazoans such as Notch, Wnt, TGF-b, Hedgehog, and receptor tyrosine kinase (RTK) (Pires-daSilva and Sommer, 2003) . A longstanding question in evolutionary developmental biology concerns the genetic mechanisms underlying the transition from unicellular eukaryotes to metazoa, in particular the relationship between multicellularity and the evolutionary origin of the major metazoan signaling pathways (King et al., 2003; Adamska et al., 2007; King et al., 2008; Srivastava et al., 2010; Sebé -Pedró s et al., 2010) . Comparative genomic analyses have so far confirmed the absence of Notch, Wnt, TGF-b, and Hedghog signaling in any unicellular organisms, supporting the view that these signaling pathways are metazoan synapomophies (PiresdaSilva and Sommer, 2003) . In contrast, the discovery of RTKs in the closest unicellular relatives of animals (choanoflagellates) suggests that RTKs may serve as preadaptations in the metazoans' unicellular ancestors for co-option into the multicellular lifestyle (King et al., 2003; Manning et al., 2008) .
The most recent addition to the metazoan signaling ''toolkit'' is the Hippo signaling pathway. The Hippo pathway was first discovered in Drosophila melanogaster as a critical regulator of imaginal disc growth, and more recent studies have implicated a conserved function of this pathway in organ-size control in mammals Pan, 2010; Halder and Johnson, 2011; Zeng and Hong, 2008; Harvey and Tapon, 2007; Reddy and Irvine, 2008; Badouel et al., 2009) . The core of the Hippo pathway is a functionally conserved kinase cascade leading from the Ste20-like kinase Hippo (Hpo) (Mst1/Mst2 in mammals) and the NDR family kinase Warts (Wts) (Lats1/Lats2 in mammals) to the transcription factor complex formed by the coactivator Yorkie (Yki) (YAP/TAZ in mammals) and its major DNA-binding partner Scalloped (Sd) (TEAD1/TEAD2/TEAD3/TEAD4 in mammals) ( Figure 1A ). The Sd-Yki transcription factor complex, in turn, regulates an array of target genes involved in cell proliferation and cell survival, such as the cell-death inhibitor diap1. Diverse upstream inputs into the core kinase cascade have been identified in Drosophila. These include an apical protein complex composed of the WW-and C2-domain-containing protein Kibra, and two FERM-domain containing proteins, Expanded (Ex) and Merlin (Mer); the Fat signaling module composed of the atypical cadherins Fat and its effectors, such as Four-jointed and Dachs; the apical-basal polarity regulators Crumbs (Crb), atypical Protein Kinase C (aPKC) and the WD40 scaffold protein Lethal giant larvae (Lgl) ( Figure 1A ). With the exception of Kibra and Mer, these upstream inputs have not been functionally linked to Hippo signaling in mammals Pan, 2010; Halder and Johnson, 2011; Zeng and Hong, 2008; Harvey and Tapon, 2007; Reddy and Irvine, 2008; Badouel et al., 2009) .
Despite its essential role in animal development, the evolutionary history of the Hippo signaling pathway has been unresolved. Two recent comparative analyses reported key components of the pathway in nonbilaterian animals, but failed to identify any of these components outside Metazoa (Srivastava et al., 2010; Hilman and Gat, 2011) . These two analyses concluded that key components of the pathway were metazoan innovations and that the Hippo pathway originated in the last common ancestor of cnidarians and bilaterians (Hilman and Gat, 2011) or sometime within the early metazoan evolution (Srivastava et al., 2010) . Through comparative genomic analysis of several recently sequenced holozoan genomes coupled with functional genetic characterization, we provide compelling evidence that an active Hippo signaling pathway was already 
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Other eukaryotes (Torruella et al., 2011) , as well as in other eukaryotes. Our comparative genomic analysis reconstructed with unprecedented detail the evolutionary history of the Hippo signaling pathway and allowed us to trace the birth of Hippo signaling well before the origin of Metazoa ( Figure 1A ). We have identified clear Yki orthologs in two independent nonmetazoan lineages, the filastereans (Capsaspora owczarzaki, hereafter called ''Capsaspora'') and the choanoflagellates (Monosiga brevicollis and Salpingoeca rosetta) ( Figure 1B ). Phylogenetic analysis clusters them unequivocally with metazoan Yki orthologs with high nodal support and well differentiated from the WWP1 and other ubiquitin ligases that also contain WW domains ( Figure S1 available online). Importantly, all of these nonmetazoan Yki orthologs contain highly conserved functional sites such as the Hippo-pathway-responsive phosphorylation site S168/127 and the N-terminal homology region that is critical for interaction with the Sd/TEAD transcription factor ( Figure 2A ). Indeed, these holozoan species contain orthologs of Sd/TEAD with the C-terminal Y460 residue known to be important for YAP-TEAD interaction Chen et al., 2010) .
Our searches further identified orthologs of Hpo, defined by the presence of a Ste20-like kinase domain and a SARAH domain (Scheel and Hofmann, 2003) , in amoebozoans, apusozoans, and most opisthokonts, with the exception of M. brevicollis and nonchytrid fungi, most likely because of secondary loses ( Figures 1A and 1B) . Likewise, Wts orthologs are present along all opisthokonts, with the possible exception of the ichthyosporeans, for which the incompleteness of genome data makes it difficult to ensure its absence. The adaptor protein Mats is present in all eukaryotes, whereas the other adaptor of the core pathway, Salvador, is present only in choanoflagellates and Metazoa. Besides these critical components of the core Hippo kinase cascade, the amoeboid Capsaspora encodes several upstream regulators of Hpo, such as Kibra, Mer, aPKC, and Lgl but not Ex, Crb, or the Fat signaling module ( Figures  1A and 1B) .
Thus, our data have pinpointed with unprecedented detail the evolutionary history of all members of the Hippo pathway and show that a well-constituted Hippo pathway was present well before the origin of Metazoa, acting in a unicellular context. Moreover, given that Capsaspora encodes both Kibra and Mer and the apical-basal polarity proteins Lgl and aPKC, the level of upstream regulatory complexity of the Hippo/YAP pathway in Capsaspora is potentially very high. Although little is known about the receptors that lead to activation of the Hippo pathway in Metazoa, Hippo signaling is known to be activated in a celldensity-dependent manner . In this regard, Mer has indeed been shown to directly mediate contact inhibition of proliferation in cell cultures (Okada et al., 2007; McClatchey and Giovannini, 2005) , where Mer is known to engage reciprocal signaling with key effectors of the integrin signaling and adhesion machinery (Pugacheva et al., 2006) . Interestingly, Capsaspora is so far the only analyzed nonmetazoan organism known to harbor all of the components of the integrin-mediated adhesion and signaling system present in metazoans (Sebé -Pedró s et al., 2010). Moreover, Capsaspora also encodes some genes known to be downstream of the Hippo pathway, such as Myc (Sebé -Pedró s et al., 2011) and cyclin E (data not shown). This suggests that the regulatory complexity of cell-proliferation control in the closest unicellular relatives of animals is remarkably high. Thus, a possible function of the Hippo pathway in this unicellular context could be the control of cell proliferation in a cell-density-and/or cell-adhesiondependent manner.
The Sd-Yki Transcription Factor Complex from the Unicellular Amoeboid Capsaspora Owczarzaki Promotes Tissue Growth and Hippo Target Gene Expression in Drosophila
To test the functional relevance of our evolutionary analysis, we assayed the activities of Capsaspora owczarzaki (Co) Hippo pathway components in Drosophila (see Figures S2, S3 , and S4 for sequence alignment of Yki, Sd, Hpo, Mats and Wts orthologs among Capsaspora, Drosophila, and humans). Given their critical roles in Drosophila and mammalian Hippo signaling, we first examined the Capsaspora orthologs of Sd and Yki (Figure 2A) . We have shown previously that overexpression of Drosophila melanogaster (Dm) Yki by the GMR-Gal4 driver (GMR > Dm-Yki) leads to increased eye size (Huang et al., 2005) (Figure 2C ), whereas overexpression of DmSd by the same Gal4 driver (GMR > Dm-Sd) results in smaller eye size (Figure 2D) , most likely because of a dominant-negative effect whereby overexpressed Dm-Sd titrates (or squelches) certain endogenous Sd cofactor(s) (Wu et al., 2008) . We found that overexpression of Co-Sd (GMR > Co-Sd) in Drosophila did not result in an appreciable change in eye size ( Figure 2G ), suggesting a reduced ability of Co-Sd to squelch endogenous Dm-Sd cofactors. Surprisingly, we found that unlike its Drosophila counterpart, overexpression of Co-Yki (GMR > Co-Yki) did not result in any tissue overgrowth, but rather caused a small and rough eye phenotype ( Figure 2F ). While the exact reason for this rough eye phenotype is unclear, the failure of Co-Yki overexpression to promote Drosophila eye growth suggests that Co-Yki has greatly diminished ability to interact productively with endogenous Dm-Sd to drive tissue overgrowth. Alternatively, Co-Yki may not possess intrinsic ability to drive tissue overgrowth (for example, due to its lack of general or specific coactivator activity to turn on growth-promoting genes), even if Co-Yki can form a transcription factor complex with Sd.
To distinguish between these models, we examined pairwise combinatorial overexpression between Co-Sd/Co-Yki and Dm-Sd/Dm-Yki. As shown previously, coexpression of Dm-Sd and Dm-Yki (GMR > Dm-Sd+Dm-Yki) resulted in tremendous overgrowth of eye tissue ( Figure 2E) , consistent with the wellestablished role of the Sd-Yki complex in promoting tissue growth. In agreement with the inability of Co-Yki alone to drive tissue overgrowth, coexpression of Co-Yki and Dm-Sd (GMR > Dm-Sd+Co-Yki) failed to drive eye overgrowth ( Figure 2I ). We noted that the GMR > Dm-Sd+Co-Yki eyes were larger than GMR > Dm-Sd or GMR > Co-Yki eyes, suggesting that when both proteins were overexpressed at high levels, they may interact with each other, albeit in a greatly attenuated manner. Most strikingly, despite the inability of Co-Yki or Co-Yki+Dm-Sd to induce tissue overgrowth, coexpression of Co-Yki and Co-Sd (GMR > Co-Sd+Co-Yki) resulted in massive tissue overgrowth resembling that caused by coexpression of their Drosophila counterparts (compare Figures 2H and 2E) . A similar and massive tissue overgrowth was also observed when Co-Sd was co-expressed with Dm-Yki (GMR > Co-Sd+Dm-Yki) ( Figure 2J ). Thus, despite the greatly attenuated cross-species interactions between Co-Yki and Dm-Sd, the Sd-Yki complex evolves as a functional entity-it is the function of the Sd-Yki complex rather than the individual subunit that is pivotal to growth control.
To understand the molecular mechanism by which coexpression of Co-Sd and Co-Yki induces tissue overgrowth, we examined the expression of diap1 and ex, two well-characterized Hippo/Yki target genes. Third instar eye imaginal discs of GMR > Co-Sd+Co-Yki animals showed a marked upregulation of Diap1 and Ex staining posterior to the morphogenetic furrow (where the GMR-Gal4 driver is active) (Figure 3) . Thus, despite their enormous evolutionary distance from each other, the Sd-Yki complex from a unicellular holozoan still retains the ability to promote tissue growth and to activate transcriptional targets similar to those of its Drosophila counterpart.
The Unicellular Amoeboid Capsaspora Owczarzaki
Contains an Active Hippo Kinase Cascade Leading from Hpo to the Sd-Yki Complex Our transgenic experiment predicted that Co-Sd and Co-Yki should physically interact with each other. Indeed, epitopetagged Co-Sd and Co-Yki immunoprecipitated with each other in Drosophila S2R+ cells ( Figure 4A ), demonstrating their ability to form a protein complex. Using a well-characterized luciferase reporter driven by the minimal Hippo-Responsive Element (HRE) derived from the Hippo target gene diap1 (Wu et al., 2008) , we found that coexpression of Co-Sd and Co-Yki stimulated the transcription of the HRE-luciferase reporter in Drosophila S2R+ cells ( Figure 4B ). Together with the synergistic effect of Co-Sd and Co-Yki in inducing tissue overgrowth ( Figure 2H ) and Diap1 expression ( Figures 3A and 3B ) in vivo, these data demonstrate the ability of Co-Sd and Co-Yki to form a functional transcription factor complex with striking specificity to activate target genes similar to those of its Drosophila counterpart.
Next, we tested the functionality of Co-Hpo in inducing the phosphorylation of Co-Yki or Dm-Yki by coexpression of the respective constructs in Drosophila S2R+ cells. We found that Co-Hpo significantly inhibited Co-Sd/Co-Yki-mediated activation of the diap1 HRE-luciferase reporter in S2R+ cells (Figure 4B) , suggesting that Co-Hpo can negatively regulate the transcriptional activity of the Co-Yki/Co-Sd complex. Consistent with this finding, expression of Co-Hpo induced phosphorylation of Co-Yki in S2R+ cells, and this phosphorylation was further enhanced by coexpression of Dm-Wts ( Figure 4C ). Interestingly, Co-Hpo also stimulated the phosphorylation of Dm-Wts and Dm-Yki, as revealed by phospho-specific antibodies against P-Dm-Wts-T1077 and P-Dm-Yki-S168, respectively ( Figure 4D ). Thus, Co-Hpo can engage a canonical kinase cascade through the phosphorylation of the intermediary kinase Wts and the ultimate phosphorylation target Yki.
To corroborate the cell-based assays described above in a more physiological setting, we used a transgenic overexpression assay to examine the activity of Co-Hpo in vivo. Overexpression of Co-Hpo by the GMR-Gal4 driver (GMR > Co-Hpo) resulted in a small eye phenotype ( Figures 4E and 4F ) reminiscent of that caused by overexpression of its Drosophila counterpart, suggesting that the growth-inhibitory activity of Hpo is conserved in the unicellular Capsaspora. The GMR > Co-Hpo animals also allowed us to examine the influence of Co-Hpo on endogenous Yki phosphorylation in vivo. Using a phosphospecific antibody against the critical Hippo-responsive Ser168 phosphorylation site (Dong et al., 2007) , we found that protein extracts from GMR > Co-Hpo fly heads showed increased Yki-S168 phosphorylation in comparison to control extracts (Figure 4G) . Thus, Co-Hpo not only possesses growth-suppressing activity but also functionally activates a signaling cascade leading to the phosphorylation of endogenous Yki in Drosophila.
DISCUSSION
In conclusion, our study demonstrates that key components of the Hippo pathway are encoded in the genomes of unicellular relatives of metazoans. We provide compelling evidence that the amoeboid Capsaspora contains functional orthologs of the core Hippo kinase cascade leading from the tumor-suppressor protein Hpo to the transcriptional coactivator Yki, suggesting the existence of an active Hippo kinase cascade well before the origin of Metazoa. In particular, our data show that a wellconstituted Hippo pathway originated within the Holozoa, before the divergence of filastereans, choanoflagellates, and Metazoa.
Most remarkably, we demonstrate that despite the enormous evolutionary divergence, the growth-promoting and generegulatory activity and specificity of the Sd-Yki complex, as well as the growth-inhibitory activity of Hpo, are still retained in the unicellular Capsaspora. Our findings further pinpoint the Sd-Yki complex, rather than each subunit of this transcription factor complex, as a critical functional entity in the evolution of growth-control mechanisms.
The surprising conservation of biochemical functionality for different Hippo pathway elements in such phylogenetically divergent species (bilaterian metazoan versus amoeba) could probably be explained by strong functional constraints because of the varied network of interactions of these components. In theory, these different network elements could have independently coevolved and, therefore, not be functional within another species context. The fact that the different Hippo pathway elements of Capsaspora are indeed functional within the multicellular Drosophila background strongly supports a functional homology between the unicellular and multicellular Hippo pathway. This suggests that the current function of the Hippo signaling pathway might be somehow similar within these two biological contexts. How the ancestral Hippo kinase cascade is used in a unicellular organism such as Capsaspora remains a mystery at present. We speculate that this pathway might be used to coordinate cell proliferation in response to cell density or cell polarity (e.g., upon substrate adhesion), given the established roles of Merlin, Kibra, aPKC, and Lgl (all of which are encoded in Capsaspora genome) in these biological processes. The absence of other developmental signaling pathways, such as Notch, Hedgehog, Wnt, or BMP, in Capsaspora or any other analyzed unicellular holozoan emphasizes the relevance of Hippo signaling as a key developmental mechanism predating the origin of Metazoa. The exaptation of this pathway may have easily provided a mechanism for strict control of cell proliferation in early metazoans, an essential property for any integrated multicellular entity. The presence of a functional and highly conserved Hippo pathway in Capsaspora accentuates not only the importance of analyzing the unicellular prehistory of animals to understand their origin, but also the role that gene co-option may have played in the unicellular-to-multicellular transition.
EXPERIMENTAL PROCEDURES Gene Searches and Phylogenetic Analysis
Genes were searched by with the use of BLAST (blastp, blastn, and tblastn) and BLAST reverse, with several sequences used as queries, as described Co-Hpo or Dm-Hpo were probed with P-Wts-T1077 or P-Yki-S168, respectively. Note that both Co-Hpo and Dm-Hpo resulted in increased levels of P-DmWts-T1077 or P-DmYki-S168 (compare lanes 2 and 3 with lane 1 in both gels). (E and F) Growth-suppressing activity of Co-Hpo in Drosophila. Side views of adult heads of control (GMR-Gal4/+) (E) and flies that overexpressed Co-Hpo in the eye (GMR-Gal4/UAS-CoHpo) (F). Note the reduced eye size of GMR > CoHpo flies (compare F to E). (G) Overexpression of Co-Hpo stimulated phosphorylation of endogenous Yki in Drosophila. Protein extracts from control (GMR-Gal4) or GMR > CoHpo adult heads were probed with antibodies against endogenous DmYki and P-DmYki-S168. Note the increase in P-DmYki signal in GMR > CoHpo adult head extracts (compare lane 2 to lane 1).
previously (Sebé -Pedró s et al., 2010) . Some genes could be identified only through phylogenetic analyses. A full list of the genes and sequences used, including the newly annotated ones, is shown in Table S1 . The taxon sampling used is shown in Figure 1B and includes new genome sequences obtained by the UNICORN genome project (see http://www.broadinstitute. org/annotation/genome/multicellularity_project/MultiHome.html) (Ruiz-Trillo et al., 2007) . Domain arrangements were confirmed by Pfam and SMART. Alignments were constructed with the MAFFT online server (http://mafft. cbrc.jp/alignment/server/) (Katoh et al., 2002) and then manually inspected and edited in Geneious. Only those species and those positions that were unambiguously aligned were included in the final analysis. Maximum likelihood (ML) phylogenetic trees were estimated by Raxml (Stamatakis, 2006) through the use of the PROTGAMMAIWAG+ G+I model of evolution. Nodal supports were assessed by the performance of 100-bootstrap replicates with the same evolutionary model. Bayesian analysis was performed with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) through the use of the WAG+G+I model of evolution, four chains, and two parallel runs. Runs were stopped when the average SD of split frequencies of the two parallel runs was < 0.01, usually around 1,000,000 generations, and burn-in length was established by checking of the two LnL graphs; stationarity of the chain typically occurred after 15% of the generations.
The annotation of Capsaspora Yorkie (Co-Yki) was further checked by the use of 5 0 and 3 0 rapid amplification of cDNA ends (RACE) PCR under standard conditions. An Excel file with all the sequences of the genes used in this study can be downloaded from http://www.multicellgenome.com.
Drosophila Genetics and Cell Culture Capsaspora Hpo, Yki, and Sd cDNAs were amplified by PCR and inserted into pUAST vector to generate pUAST-CoHpo, pUAST-CoYki, and pUASTCoSd constructs, respectively. Transgenic flies were made by P-elementmediated germline transformation pUAST constructs. Flies were raised on standard cornmeal medium at 25 C. Eye imaginal discs of wandering third instar larvae were fixed and stained as previously described with the use of a-Ex (1:5000) (gift of R.G. Fehon) (Maitra et al., 2006) and a-Diap1 (1:600) (gift of B. A. Hay) (Yoo et al., 2002) . For analysis of endogenous Yki phosphorylation in fly tissues, 20 fly heads from control (GMR-Gal4) or Co-Hpo-transgenic (GMR > CoHpo) animals were smashed in 50 ml 23 SDS loading buffer and then boiled for 5 min. After centrifugation at 12,000 rpm for 5 min, 10 ml supernatants were separated on 8% SDS-PAGE and transferred to an Immobilon-P PVDF membrane. The Western blots were probed with rabbit a-P-S168-Yki and rabbit a-Yki antibodies (Dong et al., 2007) . Drosophila S2R+ cells were propagated in Schneider's medium (GIBCO) supplemented with 10% FBS and antibiotics. Luciferase assay was carried out with the use of the HRE-luciferase reporter as described previously (Wu et al., 2008) , with the use of pUAST-CoHpo, pUAST-CoYki, and pUASTCoSd constructs in combination with pAc-Gal4 construct. Expression constructs for HA-DmWts and HA-DmYki have been described previously (Ling et al., 2010; Huang et al., 2005) . Yki and Wts phosphorylation was probed with the use of rabbit a-P-S168-Yki (Dong et al., 2007) and rabbit a-P-Wts-T1077 .
For immunoprecipitation, HA-CoYki and FLAG-CoSd were constructed in the pAc5.1/V5-HisB vector by the addition of the respective epitope at the N terminus of each protein. S2R+ cells transiently transfected with these constructs were lysed in lysis buffer (50 mM Tris [Ph7.4], 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (20 mM sodium fluoride, 4 mM sodium orthovanadate, 4 mM sodium pyrophosphate, 12 mM b-glycerophosphate). Lysate was cleared by centrifugation at 14,000 rpm for 5 min. Supernatant was incubated with ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich) at 4 C for 2 hr, followed by centrifugation and washing as described previously .
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